Inner ear hair cells respond to mechanical stimuli with graded receptor potentials. 37
INTRODUCTION 60
In the vestibular system head movements are converted into sensory signals by 61 mechanotransduction channels located at the apex of sensory hair bundles. The sensory 62 signals then propagate as graded receptor potentials from the apex to the base of the hair Kir2 channels play a physiological role in a variety of cells: they can affect resting 73 potential, action potential firing rates, neurotransmitter release, insulin release, cell 74 volume and blood flow (Doupnik et al. 1995; Isomoto et al. 1997; Nichols and Lopatin 75 1997; Bichet et al. 2003 ). Kir2 channels are K + -selective and are active around the 76 resting potential. They pass significantly larger inward currents at membrane potentials 77 negative to the potassium reversal potential (E K = -82 mV), than outward currents at 78 positive potentials (Lu et al. 2004 ). However, unlike voltage-gated channels, Kir2 79 channels lack the voltage-sensing structure, S4, specific to those channels (Kurachi et al. 80 2003) and thus are not gated by membrane voltage. Rather, their voltage-dependence or 81 rectification is derived from blockade of K + efflux by intracellular Mg 2+ (Matsuda et al. 82 1987) or polyamines (Lopatin et al. 1994 ) at depolarized potentials. These biophysical 83
properties provide a negative feedback mechanism that acts to repolarize the membrane 84 potential following small deviations that would otherwise drive the cell away from 85 resting potential. 86
The Kir2 ion channel family includes four subunits in mouse and two additional 87 subunits, Kir2 .5 and 2.6, which are present in the carp and human genomes, respectively 88 mechanism at depolarized membrane potentials (Goodman and Art 1996) . Previously, 102 Géléoc et al. (2004) showed a correlation between the acquisition of I K1 in mouse utricle 103 in early development and more negative resting potentials. 104
Here we used quantitative PCR, a fluorescence activated cell sorted database and 105 immunolocalization to examine the expression of Kir2 channels in the mouse vestibular 106 system. Data were collected at different time points during development from E15 107 through adulthood to identify temporal correlation between gene expression and 108 physiological expression of I K1 . We used the whole-cell, tight-seal recording technique 109 to characterize the biophysical properties of I K1 in the postnatal mouse utricle. We show 110 that I K1 can be blocked by BaCl 2 , a known blocker of Kir2 channels. In addition, we 111 examined basolateral conductances in wild-type hair cells, hair cells transfected with a 112 dominant-negative Kir2.1 construct and hair cells excised from Kir2.1 -/mice. We found 113 that cells that lack functional Kir2.1 do not express I K1 , have more depolarized resting 114 potentials and slower but larger amplitude responses to hyperpolarizing current 115 injections. These data indicate that Kir2.1 is essential for I K1 and plays a significant role 116 in vestibular hair cell signaling. 117
118

MATERIALS AND METHODS 119
Tissue Preparation. Utricle epithelia were excised from mice between embryonic day 120 (E) 15 to postnatal day (P) 386 according to a protocol approved by the Animal Care 121
Committee at the University of Virginia (#3123) and at Children's Hospital Boston 122 (#1959). Briefly, mice were euthanized by rapid decapitation. The temporal bone was 123 excised and placed in MEM with Glutamax (Invitrogen, Carlsbad, CA) containing 10 124 mM HEPES (Sigma, St. Louis, MO) and 0.05 mg/mL Ampicillin (pH 7.4). The utricle 125 sensory epithelium was carefully removed and placed under two thin glass fibers on a 126 glass coverslip to stabilize and flatten the tissue. We used tissue from mice of three 127 different genotypes, all obtained from The Jackson Laboratory, (Bar Harbor, ME). 128 FVB/NJ wild-type mice served as a control, while Kir2.1 +/mice were used to breed 129 heterozygous and homozygous mice lacking the Kir2.1 gene (Kir2.1 -/-). Kir2.1 -/pups did 130 not survive 12 hours past birth and all postnatal experiments were done on vestibular 131 tissue cultured for the indicated number of days. To confirm that our culture conditions 132 did not alter patterns of ion channel gene expression we compared data from acutely 133 excised wild-type tissue with data from wild-type tissue maintained in culture up to 20 134 days and found no electrophysiological differences (data not shown). 135 136 Quantitative-PCR. Utricles were acutely dissected from pre-and postnatal wild-type 137 mice at six different ages: E15 (n=20), E18 (n=15), P0 (n=24), P7 (n=14), P25 (n=30) 138 and P180 (n=14). RNA was isolated using an RNAqueous-micro kit (cat# 1931, 139 Ambion, Austin, TX). RNA was purified using an RNA purification kit (DNA-free RNA 140 kit; cat# R1013, Zymo Research, Irvine, CA). To eliminate genomic DNA and reverse 141 transcribe isolated RNA into cDNA we used the QuantiTect Reverse Transcription kit 142 (Qiagen Inc., Valencia, CA).
RNA concentration was determined on a 143 spectrophotometer (Nandodrop, ND1000, Thermo Fisher Scientific, Pittsburgh, PA). For 144 quality assurance, samples from isolated RNA were analyzed for purity with a 145 Bioanalyzer (Agilent Technologies, SantaClara, CA) and then reverse transcribed into 146 cDNA and later analyzed by quantitative PCR. Quantitative PCR primers were designed 147 with a melting temperature of 54°C for Kir2.1. The Kir2.1 qPCR primer sequences were: 148 CACAGCTTCTCAAATCTAGGATCA and CTATTTCGTGAACGATAGTGATGG. 149
For qPCR IQ-Sybr-Green Supermix (Invitrogen #11761-100, Carlsbad, CA) was used. 150
We tested expression levels on the housekeeping gene, ribosomal 29S, with the following 151 primers that had a melting temperature of 62°C: GGAGTCACCCACGGAAGTTCGG 152 and GGAAGCACTGGCGGCACATG. To confirm primer specificity we generated a 153 plasmid that carried the Kir2.1 amplicon (130 base pairs). The size was confirmed by 154 agarose gel electrophoresis and the gel-purified product was sequenced to confirm Kir2.1 155 identity. To calculate expression ratios we used the delta-delta CT method, normalizing 156 cycle thresholds first to the housekeeping gene, 29S and then to the E15 sample. The 157 final analysis was performed using Origin 7.1 (OriginLab, Northampton, MA). 158
159
Generation of adenoviral vectors. The coding sequence for murine Kir2.1 in the 160 pCDNA1/Amp vector was previously cloned and kindly provided by Dr. Lily Y. Jan 161 (Kubo et al. 1993) . Mutation from GYG to SYG in the pore loop region using RT-PCR 162 was confirmed by sequencing the mutated gene including the pore loop region using the 163 following primers Kir2.1MutXhoIForw -CTCGAGACTGTTTTCTAAAGCAGAAA 164 (TM 55°C) and Kir2.1MutEcoRVRev -GATATCTTTCCTTGAAACCTTTGGCT (TM 165 56°C). The mutated gene, Kir2.1-G144S, was subcloned into the pAdTrack-CMV-GFP 166 shuttle plasmid (He et al. 1998 to yield 2ml Ad-CMV-GFP-CMV-Kir2.1-G144S, at a titer of 2.2 X 10 8 viral particles/ml, 176 which was aliquoted in 100 μl vials and stored at −80°C. Ad-GFP-hKir2.1 and pAd-177
VgRXR at titer of 4.3 X 10 11 viral particles/ml were generated as previously described 178 (Holt et al. 1999) . Electrophysiology. Organotypic cultures were generated from utricles, from wild-type, 202
Kir2.1 +/and Kir2.1 -/mice ranging from age P0 to P386, P0 to P383 and P0 to P0 + 20 203 days in vitro, respectively. To remove the otolithic membrane, utricles were treated with 204 protease XXIV (Sigma) added at 0.1 mg/ml for 20 min. and mounted on coverslips as 205 observed strong inward rectifier currents throughout early development in mouse utricle 243 type II hair cells. We used the whole-cell, tight-seal technique in voltage-clamp mode to 244 record fast inward rectifier currents that were evoked by a protocol that included 245 hyperpolarizing voltage steps from a holding potential of −64 mV to potentials between 246 −124 and −54 mV in increments of 10 mV. Figure 1A 
Voltage dependence of I K1 268
We plotted the activation curve for I K1 recorded from a representative wild-type 269 hair cell at P9 as shown in Figure 2A . The data revealed voltage dependence similar to 270 that described for I K1 in a previous study by Rüsch et al. (1998) . We fitted the data from 271 wild-type cells with a first-order Boltzmann function. The Boltzmann fits revealed a 272 mean of V 1/2 = −83.5 ± 4.0 mV, a mean slope of 8.8 ± 1.8 mV (n=8). The mean slope 273 conductance was 4.8 ± 1.5 nS (n=46). To examine developmental changes we plotted the 274 conductance as a function of postnatal age ( Fig. 2B ) but found no further increase in the 275 maximal conductance up to one year of age. Similarly, we plotted the activation curve 276 parameters, V 1/2 and slope, as function of age and found they were stable up to 6 months, 277 the latest stage tested (Fig. 2C) . To narrow in on the potassium channel genes that might underlie I K1 in mouse 295 vestibular hair cells, we began with a quantitative RT-PCR screen for Kir2.1 mRNA 296 since Kir2.1 expression was reported previously in avian vestibular hair cells 297 (Navaratnam et al. 1995; Correia et al. 2004 ). We extracted mRNA from acutely excised 298 sensory epithelia from pre-and postnatal mice ranging from E15 to P180 and used 299 validated, specific primers designed for linear amplification of Kir2.1 mRNA (Fig. 3A) . 300
We found Kir2.1 was highly expressed at all developmental ages tested and that there 301 was a rise in Kir2 The bicistronic construct carried a CMV promoter to drive expression of GFP as a 348 transfection marker and a second CMV promoter to drive expression of mKir2.1-G144S 349 ( Fig. 4A) . Wild-type utricle epithelia were exposed to Ad-mKir2.1-G144S at titers of 2.2 350 X 10 8 viral particles/ml for 4 h and maintained in culture for up to 10 days. We recorded 351 from control GFP-negative cells and transfected GFP-positive cells which presumably 352 also expressed the dominant-negative construct. The GFP-negative cells showed robust 353 I K1 (Fig. 4B) , while the GFP-positive cells (Fig. 4D ) lacked I K1 entirely, but retained I h 354 ( Fig. 4C) , evident as the small slowly activating currents at the end of the step. The mean 355 I(V) curve taken near the end of the step from six wild-type cells transfected the 356 dominant-negative construct revealed little or no residual I K1 (Fig. 4E) To examine which of the Kir2 subunits is necessary for I K1 we recorded from 363
Kir2.1 -/mice. We excised utricles from Kir2.1 -/mice and recorded from type II hair 364 cells in voltage-clamp mode to assay for physiologic expression of I K1 . In all cells 365 examined from Kir2.1 -/mice (n=76), I K1 was entirely absent at every stage examined 366 ( Fig. 5E and F) from P0 up to 20 days in vitro. Representative currents recorded from 367 wild-type and heterozygous cells ( Fig. 5A-D Kir genes, we extracted utricles from Kir2.1 -/mice and recorded currents from type II 377 cells before ( Fig. 6A) and after (Fig. 6C) adding 100 μM BaCl 2 to the external bath 378 solution to block any residual I K1 . The mean steady-state I(V) curves generated from 379 both data sets did not reveal any differences that would suggest BaCl 2 had inhibited 380 residual inward rectifier currents in Kir2.1 -/mice ( Fig. 6B and D) . These results confirm 381 that none of the other Kir subunits contributed to I K1 in Kir2.1 -/mice. In other words, in 382 the absence of the Kir2.1 gene in utricle type II hair cells, I K1 was completely abolished. 383
Because our results from Kir2.1 -/utricle hair cells showed that Kir2.1 channels 384 are necessary to evoke I K1 in these cells, we wanted to test whether, conversely, Kir2.1 385 expression is sufficient to generate I K1 . For this experiment we used an adenoviral 386 construct that carried the wild-type coding sequence of the human Kir2.1 gene and 387 transfected HEK cells, which do not express an endogenous I K1 . We used an inducible 388 expression system, which required transfection with two vectors, Ad-VgRXR and Ad-389 GFP-human Kir2.1, the latter containing the wild-type Kir2.1 adenoviral construct ( Fig.  390 7A) as described previously (Holt et al. 1999 ). Ad-VgRXR, which had a titer of 4.3 × 391 10 11 viral particles/ml, contained the gene for the ecdysone receptor controlled by a CMV 392 promoter and the gene for the retoinoid X receptor controlled by an RSV promoter. Ad-393 GFP::hKir2.1 contained the human Kir2.1 gene fused to the GFP, under the control of the 394 inducible ecdysone promoter. We transfected HEK cells with both constructs for 4 h, 395 added 4 μM of the ecdysone analogue muristerone A after 24 h to activate the ecdysone 396 receptor, and incubated overnight. Muristerone A was reported to enhance gene 397 expression driven by this promoter greater than 30-fold . Therefore, 398
we anticipated that cells infected with both adenoviral vectors and treated with 399 muristerone A would express the GFP::hKir2.1 fusion protein. We observed membrane 400 restricted GFP expression as early as 24h after transfection. HEK cells that were GFP-401 negative did not have I K1 (data not shown), while data recorded from GFP-positive HEK 402 cells revealed robust I K1 (Fig. 7A) with properties similar to I K1 in wild-type hair cells 403 (Fig. 7B) . The maximal conductance was 8.4 ± 2.6 nS, with a V ½ of −86 ± 2.5 mV and 404 slope factor of 5.9 ± 1.6 mV (n=3). The time constant of activation evoked by a step to 405 −104 mV was 1.6 ± 0.3 msec. 406
We then transfected wild-type human Kir2.1 into organotypic cultures generated 407 from mouse Kir2.1 -/utricles extracted at P0. The tissue was exposed to the vector for 24 408 hours and maintained in culture for two days. In contrast to GFP-negative Kir2.1 -/cells 409 ( Fig. 7C) , transfected, GFP-positive cells (Fig. 7F ) from Kir2.1 -/mice had robust I K1 410 ( Fig. 7D) . Steady-state I(V) curves from Kir2.1 -/cells transfected with the human Kir2.1 411 displayed pronounced inward rectification, characteristic of I K1 (Fig. 7E) . The maximal 412 conductance was 21.7 ± 11.8 nS, with a V ½ of −84 ± 3.2 mV and slope factor of 6.4 ± 2.0 413 mV. The time constant of activation evoked by a step to −104 mV was 1 ± 0.3 msec. 414
Other than the maximal conductance − the result of overexpression of Kir2.1 − there 415 were no significant differences in the biophysical properties of exogenous Kir2.1 currents 416 expressed in HEK cells and Kir2.1 -/hair cells and those of endogenous I K1 in type II hair 417 cells. These data demonstrate that Kir2.1 alone is sufficient to produce robust inward 418 rectifier currents with all the properties of the native hair cell I K1 . 419
The mean whole-cell inward rectifier conductances measured under the 420 experimental conditions described in the previous sections are summarized in Figure 8A . Since the preceding data demonstrated that Kir2.1 is required for I K1 , we were 426 able to use the various I K1 blockers − BaCl 2 , Kir2.1 gene deletion, Kir2.1-G144S − and 427 I K1 rescue to examine the functional contributions of Kir2.1 to vestibular hair cell 428 signaling. Because Kir2.1 is potassium-selective and active at the hair cell resting 429 potential, we hypothesized that Kir2.1 may play a role in setting the membrane resting 430 potential and regulating membrane excitability in vestibular hair cells. We predicted that 431 the positive slope of the steady-state I(V) relationship should act through negative 432 feedback to shift the resting membrane potential toward the K + equilibrium potential. For 433 small membrane potential deviations around the K + equilibrium potential, Kir2.1 may 434 serve to stabilize the membrane response driving the cell toward the K + equilibrium 435 potential. However, for larger depolarizations, we predicted rapid Kir2.1 deactivation, 436 which would allow the cell to respond more freely without the stabilizing influences of To test these hypotheses we designed current-clamp protocols with small current 442 injections that ranged from −40 pA to 30 pA in 10 pA increments and recorded the 443 voltage responses of type II vestibular hair cells. We chose this range of current 444 injections because it permitted hyperpolarized voltage responses in wild-type cells that 445 remained positive to −90 mV, the most negative K + equilibrium potential, given 446 physiologically relevant K + concentrations. In addition, 10-20% of the hair cells' 447 transduction conductance is active at rest (Hudspeth 1989 ). Thus, the hyperpolarizing 448 current steps were designed to mimic the physiological current amplitudes (≤50 pA) 449 evoked by negative hair bundle deflections and transduction channel closure as well as 450 small hyperpolarizing currents that might result from efferent feedback onto type I and 451 type II hair cells (Holt et al. 2006 ). With zero current injection we found that Kir2.1 452 contributed to more hyperpolarized resting potentials with a mean resting potential of −59 453 ± 5.1 mV (n = 43; Fig. 8B ). Data recorded from Kir2.1 -/cells showed significantly more 454 depolarized resting potentials by about 10 mV on average, relative to wild-type cells. 455
Regardless of experimental manipulation, inhibition of Kir2.1 activity led to depolarized 456 resting potentials while preservation or restoration of Kir2.1 activity conferred more 457 negative potentials (Fig. 8B) . To explore the correlation between the amplitude of the 458 inward rectifier conductance and the resting membrane potential, we generated a scatter 459 plot ( Fig. 8C ) of resting potential data as a function of inward rectifier conductance for 460 each cell shown in Figure 8A-B . The data were fit with a linear regression that had a 461 slope of -1.2 mV/nS (r = 0.66), which suggests that for every 0.83 nS of inward rectifier 462 conductance, the hair cell resting potential hyperpolarizes by 1 mV. 463 Figure 9 shows representative membrane responses under various conditions. In 464 wild-type hair cells, hair cells from Kir2.1 +/mice, and in cells from Kir2.1 -/mice 465 exposed to Ad-hKir2.1, we recorded fast, small amplitude membrane responses that 466 followed the onset of the current step (Fig. 9A, B and F) . In other words, cells that 467 expressed either endogenous or exogenous Kir2.1 had similar membrane responses. In 468 contrast, Kir2.1 -/hair cells, wild-type hair cells exposed to BaCl 2 , and cells exposed to 469 Ad-Kir2.1-G144S had slow, large amplitude voltage responses (Fig. 9C, D and E) . To 470 quantify the data, we plotted V(I) curves taken from the peak membrane responses as a 471 function of the current injected from cells of various conditions. We saw a significant 472 difference in the membrane potential responses, particularly over the voltage range 473
Kir2.1 was active ( Fig. 10A-C) . Furthermore, wild-type cells exposed to BaCl 2 , cells that 474 lacked Kir2.1, and cells transfected with mutant Kir2.1 displayed more hyperpolarized 475 membrane potential responses to current injections than cells that expressed Kir2.1 476 currents ( Fig. 10A-C) . 477
We quantified the speed of the membrane response to −40 pA current injections 478 ( Fig. 10D) In the present study we showed that of the four Kir2 channel subfamilies 501 described in the mouse genome Kir2.1 mRNA was most highly expressed in mouse 502 vestibular epithelia. In addition, we found a strong correlation between the temporal 503 expression pattern of Kir2.1 mRNA and the physiological maturation of I K1 in the mouse 504 vestibular system during embryonic stages between E15 and E18 (Géléoc et al., 2004) Another result in support of Kir2.1 playing a major role in vestibular hair cells 512 stemmed from our immunohistochemical data in which we localized Kir2.1 protein to the 513 basolateral membranes of utricle hair cells in wild-type mice but not in Kir2.1 -/mice. 514
Kir2.1 was present in the basolateral membranes at both neonatal and adult stages. We 515 also found that hair cells transfected with exogenous Kir2.1 that carried a dominant-516 negative mutation in the selectivity filter (G144S) lacked I K1 , which confirmed the 517 involvement of Kir2 family members. The strongest evidence in support of our 518 hypothesis that I K1 is composed of Kir2.1 channels is based on our electrophysiological 519 data from Kir2.1 -/mice. We showed that I K1 was present in wild-type and heterozygous 520 hair cells that expressed Kir2.1, while it was completely abolished in hair cells that 521 lacked Kir2.1 (Fig. 8) . These data suggest that Kir2.1 channels are necessary for I K1 in 522 mouse utricle hair cells. 523
To investigate the sufficiency of Kir2.1 we used an adenoviral vector that 524 expressed the wild-type gene to transfect HEK cells and hair cells of the cultured utricles 525 excised from Kir2.1 -/mice. In both transfected cell types we restored I K1 with all the 526 properties of the endogenous currents recorded from wild-type hair cells. Based on these 527 data we conclude that Kir2.1 is both necessary and sufficient to form the ion channels 528 that carry I K1 in mouse vestibular hair cells. 529
Furthermore, we provide evidence that I K1 can be detected in mouse vestibular 530 hair cells not only in early development as previous studies showed ( Géléoc et al. 2004; 531 Rüsch et al. 1998), but into adulthood, past one year of age (Fig. 2B) . In contrast to 532 cochlear hair cells where I K1 is transiently expressed (Marcotti et al. 1999 ), I K1 expression 533 in adult mouse utricle hair cells suggests that it plays a significant role in the mature 534 vestibular system. 535 536
Function of Kir2.1 in vestibular hair cells 537
Based on our electrophysiological data and the biophysical characteristics of I K1 538 we hypothesized that Kir2.1 channels provide several functional contributions to 539 vestibular hair cell signaling. Previous studies in mice showed that I K1 is active at rest 540 and has a reversal potential close to E K (−82 mV; Rüsch et al. 1998; Géléoc et al. 2004) . 541
We corroborated these data with our results from wild-type utricle hair cells, which had a 542 mean reversal potential of −83.1 mV ± 2.8 mV (n=36). In addition, Géléoc et al. (2004)  543 found a temporal correlation in utricle hair cells between the acquisition of I K1 at E15 and 544 the cells' resting potential which became increasingly more negative between E15 and 545 E19. Based on these results, we predicted that Kir2.1 channels would contribute to 546 sensory hair cell signaling by a) keeping the resting potential more hyperpolarized, thus 547 reducing cell excitability, b) decreasing the amplitude of receptor potential responses and 548 c) increasing the speed of receptor potentials due to lower input resistances and faster 549 membrane time constants. We found that cells in which Kir2.1 channels were blocked 550 with BaCl 2 and cells that lacked functional Kir2.1 channels, resting potentials were 551 significantly more depolarized, by 8 to 11 mV, respectively (Fig. 8B) . Further, when we 552 measured membrane receptor potentials in response to current injections that ranged from 553 −40 pA to 30 pA, cells that expressed Kir2.1 displayed fast, small amplitude responses 554 within a physiologically relevant range, positive to −90 mV (Fig. 9A, D, F and Fig. 10) . 555
However, in cells that lacked functional Kir2.1 channels, responses to hyperpolarizing 556 steps of −20 to −40 pA responses were slower (Fig. 9B, C and E) and amplitudes were 557 larger, mostly exceeding physiological values. The slow responses were due to the 558 increased membrane time constants, in turn the result of higher membrane resistance in 559 the cells that lacked Kir2 .1 channels open at rest. The large amplitude responses in cells 560 that lacked Kir2.1 channels were also the result of higher membrane resistance at rest. 561
Thus, for a given input current the larger membrane resistance predicted larger, slower 562 voltage responses, which was the case in all cells that lacked functional Kir2.1 channels. 563
If we consider the contribution of Kir2.1 to signal processing in the frequency domain, 564
we predict that Kir2.1 may extend the response range to higher frequencies. In wild-type 565 type II hair cells we measured mean membrane time constants of ~10 msec which is 566 predicted to yield a low-pass corner frequency of ~16 Hz (1/2πτ). Cells that lacked 567 In summary, we have demonstrated Kir2.1 is both necessary and sufficient to 605 form the channels that carry I K1 in mouse vestibular type II hair cells. Our data show that 606
Kir2.1 channels contribute to vestibular hair cell signaling by conferring more 607 hyperpolarized resting potentials; by shaping hair cell receptor potentials in response to 608 small depolarizing and hyperpolarizing stimuli, such as those that occur due to 609 mechanotransduction or efferent input; and by decreasing membrane resistance allowing 610 Kir2.1 homozygotes (-/-), wild-type + 100 µM BaCl 2 (BaCl 2 ), wild-type transfected with 923 Ad-Kir2.1-G144S (G144S) and Kir2.1 homozygotes transfected with wild-type hKir2.1 924 (hKir2.1). The number of cells for each group is indicated on the graph. Error bars 925 represent S.D. Asterisks mark significant difference (p<0.001) relative to wild-type cells.
